This paper describes a structural optimization method for subsystems which realizes the desired value of coupling loss factors (CLFs) in statistical energy analysis (SEA). We have developed the structural design process on the basis of experimental SEA for the purpose of reducing structure-borne sound in real-world machinery. The process identifies the CLFs which should be changed in order to reduce the noise radiated from the machinery. The optimization method is implemented using the finite element method and optimization algorithms. The finite element model represents a part of a whole system which includes a junction together with their neighboring SEA subsystems, associated with the CLFs which need to be changed. In this paper, the proposed method for the structural optimization is demonstrated. Consequently, taking one CLF as the objective function, an optimization of the thickness of the shell elements is performed showing the efficiency of the structural optimization method.
Introduction
When implementing the structural optimization considered the energy flow between structural subsystems for attempting to reduce structure-borne sound radiated from machinery, it is difficult to examine how the energy flow changes structural subsystems with conventional structural optimization methods (1) , (2) , in which the objective function is the natural frequency or the frequency response function (FRF). The conventional method using the peak value of FRF is not easy to set the objective function because of considering the peak of the magnitude in the discrete frequency for the case of existing the plural natural frequencies in the target frequency. Conversely, statistical energy analysis (SEA) is a method for vibro-acoustic analysis which regards the system as composed of high modal density and focuses on the power equilibrium between the subsystems (3) . In SEA, the coupling loss factor (CLF) denotes the energy flow between the subsystems. Therefore, it is considered that setting the CLF to the objective function is easy to realize the structural optimization which considers the energy flow between the subsystems. In addition, the subsystem is averaged over space and frequency, so it is possible to decrease the number of objective function compared with the conventional method.
Journal of System Design and Dynamics
The authors developed a structural design process on the basis of experimental SEA for reducing structure-borne sound, whose efficiency was subsequently verified by applying it to various machines (4) . The process identifies the internal loss factors (ILFs) or CLFs which should be changed in order to reduce the noise radiated from the machinery. Thus far, the subsystem structures examined for the purpose of adjusting the CLF appropriately have been studied with the analytical formula for the CLFs used in analytical SEA (5) . However, detailed examination of the subsystem structures have been impossible to perform with analytical SEA because of not creating the specific shape of the subsystem (6) . For this reason, in pursuit of a structural optimization method based on finite element method (FEM), which is capable of accounting for the details of the structure, the authors proposed the FEM-SEA method (7) , where the evaluation of the CLF was performed with respect to the target subsystem instead of the entire system. It is possible to examine the detail of the subsystem structures (for example, structure with irregularity surface or curvature, and discontinuity structure with open hole) by using the FE model. Accordingly, this paper proposes the formulation of a structural optimization method for SEA subsystems for which the realization of the desired value of the loss factors is necessary. This method is based on the FEM-SEA, targeting only subsystems which include the subsystem determined in the implementaion of the structural design process for reducing structure-borne sound.
Regarding the previous research in which SEA has been employed in optimization algorithms, there are case studies concerning the minimization of sound pressure level in a car interior using analytical SEA by Aran and Dhanesh (8) , (9) , where the thickness of the subsystem and the ILFs as design variables. Bartosch and Eggner (10) take the loss factors including the ILFs and CLFs as design variables. However, analytical SEA has been used in these cases, it has been impossible to examine the structure of the SEA subsystems in detail.
The energy finite element analysis offers an alternative to the established SEA for simulating the vibration of structures. It was applied to decrease the ship cabin noise by Borlase and Vlahopoulos (11) , the ILFs at various sections of the structure as design variables. So, in this paper, the aim is conduct a detailed study of the subsystem structure and to examine the structural optimization method based on a combination of SEA and FEM calculation together with an optimization procedure. This paper begins with an outline of the fundamental SEA formulation, a structural design process for reducing structure-borne sound, and FEM-SEA, followed by the proposition and the formulation of the structural optimization method on the basis of SEA. As a test structure, an L-shaped plate consisting of two finite, elastic plates coupled at a right angle is considered, where the mass is taken as a constraint function, and the one CLF is taken as a objective function.
Basic Theory
In this section, the outline of the structural design process and the FEM-SEA are introduced.
1 SEA Power Balance Equation
In SEA, a system is regarded as an assembly of subsystems. If the system has r subsystems, consideration of the power balance between them leads to a basic set of SEA equations (8) 
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Here, ω is the center angular frequency of the band, E is a vector containing the subsystem energies, and P is the external input power vector. The loss factor matrix, L, comprises Internal Loss Factors (ILFs), η i,i , and Coupling Loss Factors (CLFs), η i,j .
Estimation of the ILFs and CLFs is referred to as the construction of the SEA model.
2 Structural Design Process for Reducing Structure-Borne Sound
The structural design process for reducing structure-borne sound developed by the authors follows the procedure. (i) Constructing an SEA model, (ii) Identifying the external input power during operation, (iii) Specifying the loss factors which should be changed in order to reduce the noise radiated from the machinery, and (iv) Examining the structural design in order to realize the desired SEA parameters.
SEA parameters is calculated by the experimental excitation test in step (i), the input power and power flow during operation is predicted by measuring the subsystem energies during operation in step (ii). The step (iii) focuses on specifying the loss factors which should be changed in order to reduce the acoustical or the vibrational energy of the subsystem using sensitivity analysis on the basis of perturbation method. Then, structural specifications which realizes the desired value of SEA parameters are determined in step (iv).
In order to increase the ILF, the damping material should be considered. It was found that in order to increase or decrease the CLF, the connection part between subsystems and the design of the subsystem must be redesigned. The structural modification for adjusting the CLF was determined with analytical SEA (4) . However, detailed examination of the subsystem structures have been impossible to perform with analytical SEA because of not creating the specific shape of the subsystem. In this paper, examining the design of the subsystem in order to realize the desired SEA parameters is proposed in step (iv) of the structural design process.
3 FEM-SEA
In the structural design process for reducing structure-borne sound described in Section 2.2, the loss factors to be adjusted were specified using sensitivity analysis. Subsequently, the SEA subsystems adjacent to the junctions corresponding to these loss factors were determine and the loss factors were evaluated using the FEM model (the partial model) of the SEA subsystems adjacent to the junctions. The method follows the procedure described bellow:
(a) Constructing a partial FE model from the SEA subsystems connected by the target junctions.
(b) Performing an eigenvalue analysis on the partial model and calculating the natural frequencies and the mode shapes.
(c) Calculating the subsystem energy by applying rain-on-the-roof-excitation (12) .
(d) Calculating the SEA parameters on the basis of the power injection method (PIM) (13) .
FEM-SEA contains information regarding the shape of subsystems, the range of applicable frequencies is wider for comparing with analytical SEA (7) .
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Optimization of Structural Design for SEA Subsystems
1 Structural Optimization Procedure
The structural optimization method is implemented in accordance with the structural design process for reducing structure-borne sound. First, the SEA parameters which can effectively reduce the acoustical or vibrational energy of the subsystem are determined by the structural design process. Next, the partial model simulating the boundaries of the entire system is constructed using FEM-SEA. Finally, the structure with the desired values of the loss factors under arbitrary constraints is obtained by applying a combination of FEM-SEA and the optimization procedure.
2 Structural Optimization Method
The flowchart of the developed structural optimization method is shown in Figure 1 . First, calculating the subsystem energies and input power of subsystem by using dynamic analysis on the basis of initial value of the design variables. The design variables are the density, Young's modulus, the damping values associated with the material properties, the thickness of the plate elements, the shape, and the coupling between the subsystems related to the structures, and so on. Second, calculating the SEA parameters of the objective functions using the calculated subsystem energies and input powers. Finally, calculating the constraints functions by performing static analysis. The optimization algorithm defines new value for the design variables, and a new set of SEA parameter and constraints functions calculation are performed until satisfying the value of objective functions.
For the case of calculating the subsystem energies and input powers, the way of excitations to the structure is needed to examine. According to the FEM-SEA in Section 2.3, all modes in the target frequency range are excited, inducing individual excitations at multiple points. The constraints functions are the total mass of structure, the stiffness (displacement) , the stress, the buckling load, and the natural frequency, and so on. 
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3 Formulation of the Structural Optimization Problem by SEA
The formulation of the optimization problem by taking into account the subsystem structure is considered together with past structural optimization problems. The objective function is CLF shows the energy flow between the subsystems, the structure for which the objective function is maximized (minimized) or satisfies the target value is generated using a numerical method such as FEM. For example, the objective function is assumed to be CLF at an arbitrary frequency band and is used to formulate the minimization of the objective function.
In the case of the minimization of the objective function CLF i ({x j }) at multiple frequency bands (i=1,...,n) on the basis of the constraint function g({x j }) in a feasible design region D, the following equations can be written by,
Here, g max is the upper limit of the constraint function g({x j }), and {x j } L ({x j } U ) is for lower limit (upper limit) on design variables {x j }.
Application of the Structural Optimization Method
In this section, the validity of the proposed method is verified through a simple structure consisting of two flat plates connected in an L-shaped configuration.
In order to realize the structural optimization method, it is necessary to use a combination of finite element analysis software for constructing the partial model of FEM-SEA and numerical programming software which performs inverse matrix calculations for computing the SEA parameters, as well as optimization software for obtaining the optimization results.
1 Test Structure and Problem Settings
As shown in Figure 2 , the target structure consists of two rectangular steel plates coupled in an L-shaped configuration. This is corresponding to the partial model described in Section 2. The design variable is taken as the thickness of the FEM element, which is a commonly manipulated design variable in optimization problems regarding plate and shell elements. In the case of considering the actual structure, it is considered that the maximum stress and Journal of System Design and Dynamics maximum displacement are taken as the constraint functions. In this paper, the total mass and the thickness of the plate corresponding to the design variable are taken as a constraint function.
2 Structural Optimization Method
ANSYS Ver. 11.0 is used for constructing the partial model, the SEA parameters are calculated using MATLAB, and the optimization results are obtained using OPTIMUS 10.3, which is software for automation, integration, and optimization.
2.1 Constructing the Partial FE Model
The material density is ρ = 7860 kg/m 3 , and Poisson's ratio is ν = 0.3. An elastic shell element (shell 63) is used that consists of 4 nodes, with three translational and three rotational degrees of freedom per node. The size of each element in the mesh is about 0.03 m × 0.03 m, which is sufficient to contain five nodes per bending wavelength up to 1k Hz. The total numbers of nodes and elements are 231 and 200, respectively. All edges of the plate are pin supported.
2.2 Setting the Initial Values for Some Parameters
Various functions, such as objective functions, design variables, and constraint functions are set in accordance with the structural optimization method.
The design variables is taken as the thickness of the FEM element, which is a commonly manipulated design variable in optimization problems regarding shell elements. Plate 1 and 2 are selected as a structural element, thus, there are 200 design variables. The target frequency band, the value of the objective functions, and the constraint functions are set on the basis of the analytical results of initial model.
In the case of applying this optimization method to the actual structure, it will be 
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distinguished whether SEA is applicable or not by means of considering these threshold values for the number of modes in bands and a value for the modal overlap factors. Figure 3 shows the loss factors (ILF1 and CLF12) of initial model in one-third octave band frequencies from 20 Hz to 800 Hz. When the value of the CLF12 at 50Hz, 63Hz and 250 Hz are negative, points are not plotted in Figure 3 . The CLF may take a negative value, when the response of a response subsystem will become larger than the response of an excitation subsystem, as pointed out by Fredo (14) . From these results, the target objective function is comparatively large in CLF12 at 125 Hz in one-third octave band. The target value of the objective function is determined by focusing on specifying the loss factors which should be changed in order to reduce the acoustical or the vibrational energy of the subsystem using sensitivity analysis on the basis of perturbation method described in Section 2.2. However, in this paper the target value of the objective function is determined after setting the design variables under arbitrary constraint.
The upper and the lower limit for the design variables with consideration of the product available plate thickness are 2 mm and 0.6 mm, respectively. Parameter study is performed to examine the response of the objective function in a design region. Here, the original value of the thickness is 1mm, if the value of the thickness is changed, it is needed to consider the element size in FE model for the reason of varying the bending wave velocity. For example, if the thickness is thinner than the original value, the bending wave velocity is slower and the wave length becomes shorter. However, it is ignored to examine the element size in FE model for the reason of the small difference between 0.6 mm and 1 mm. Table 1 shows the parameter study results of CLF12 at 125 Hz in one-third octave band and the total mass on the basis of the excitation and response conditions (27 excitations and 81 responses per subsystem) described in next section. The CLF values are tend to be smaller than the original value from Table 1 . The smallest value is the eighth, the CLF except for the negative value is about 1.5 % to the original value and the total mass is about 1.8 kg.
From these results, the target optimization is the minimization of CLF12 which show the energy flow from subsystem 1 to 2 and the objective function is set between zero and unity. The total mass is taken as a constraint function. The upper limit for the design variable is the original value (1.42 kg). These functions are described in terms of mathematical principles as follows.
2.3 Calculating Normalized Energy for Subsystem
In the evaluation of the normalized energy for the subsystem, it is desirable to use rain-on-the-roof excitation as the excitation method described in Section 2.3. So, the influence of the number of excitation to the SEA parameters (discussion 1) and the difference of frequency step obtained by a modal superposition procedure to the SEA parameters (discussion 2) are considered. In discussion 1, there are five levels such as 1 excitation, 2 excitations, 9 excitations, 27 excitations, and 81 excitations per subsystem. In discussion 2, there are three levels such as 1 Hz, 5 Hz, and 10 Hz. The response points for the subsystem energy are selected the 81 nodes per each subsystems excluding the junction (11 nodes) and the all edges of the plate (60 nodes). All modes within the frequency range (0-1k Hz) are used. The loss factors are assumed to be 0.05 for all modes.
Although omitted due to limitations of space, the number of excitation is to set to be 27 excitations, the magnitude of the excitation force is to set to be a unit force, and the Vol. 7, No. 4, 2013 Journal of System Design and Dynamics displacement of the response is calculated for the range between 5 Hz and 900 Hz at 5 Hz steps, both analysis time and target frequency band being taken into consideration.
2.4 Calculating SEA Parameters
Regarding the SEA parameters, the one-third octave band frequencies from 20 Hz to 900 Hz is calculated by using the following equation:
where E i j is the energy of subsystem i when subsystem j is excited by input power P j .
2.5 Calculating Constraint Functions
The total mass is calculated in static analysis of ANSYS. After the setup of the above mentioned steps 4.2.1 to 4.2.5, the optimization algorithms are set in the OPTIMUS software. The sequential quadratic programming method, which is a kind of local optimization method applicable to non-linear programming problems, is chosen here. Since the time required for obtaining the optimization results is rather long, the number of iterations is set to 20 times. 
3 Optimization Results
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The iteration history of the objective function η 1,2 is shown in Figure 4 . Figure 5 shows the comparative values of the loss factors between the initial value and the optimization results at the 18th iteration, which reaches the minimum value from 20th iterations. When the value of the loss factors predicted by Eqn. (5) is negative, points are not plotted in Figure 5 . From Figure 4 , the value of the η 1,2 at first iteration decreased by about 3% as compared with the initial value. From Figure 5 , the value of the η 1,2 decreased by about 2%
and become 2.00×10 -3 as compared with the initial value of 9.55×10 -2 . The mass of subsystem 1 and 2 are decreased by about 35% and about 30% from Table 2 .
The optimization results in this case indicate that the target value is achieved in the 125 Hz band. However, 80 Hz band and 100 Hz band, which are not the target frequency, the value of the η 1,2 are larger compared with the initial value. We plan to consider the objective function for multiple frequency bands in the near future. Figure 6 shows contour map of the thickness distribution for the structure in the optimization results. The minimum thickness (0.6 mm) corresponds to the maximum brightness (white color). The white circle in Figure 6 corresponds to the location in Figure  2 . Table 3 shows the normalized subsystem energies between the initial and the optimization results in the target frequency band.
Verification of the Optimization Results
The reduction of the thickness of plate 1 and 2 in Figure 6 , especially as for the plate1, it tends to become thinner compared with the original value. This phenomenon means that the structure is easy to vibrate, and the reduction of the η 1,2 occur as a result of increasing the subsystem energy E 1 1 on the excitation side from Table 3 . Furthermore, the reduction of the subsystem energy E 2 1 by about 40% in Table 3 , correlates well to the energy flow from subsystem 1 to 2 becomes smaller. In addition, the optimization results is examined to use the evaluation of coupling loss factor for analytical SEA (5) by Eqn. (6). 
Here, L i,j and τ i,j are the coupling length and the transmission efficiency between the i-th and the j-th subsystems, respectively. h 1 , S 1 , E 1 , ρ 1 , and ν 1 are the thickness, the surface area, the Young's modulus, the material density, and Poisson's ratio of the subsystem 1, respectively.
In order to decrease the coupling loss factor η 1,2 , decreasing the thickness of plate 1 from Eqn. (6) , correlates well to the optimization results. In this paper, the objective function is the minimization of the η 1,2 at 125 Hz band. For the case of the minimization of the η 1,2 at 160 Hz band, similar behavior is found. Table 4 shows a comparison between the initial and optimum values of the first tenth natural frequencies. The third and the forth natural frequencies influence on the target frequency 125Hz band (from 112 Hz to 141 Hz) in the initial condition in Table 4 . However, there is no natural frequency at the target frequency band in the optimization results, it is considered that the natural frequency is shifted to other frequency band.
Discussion on the Comparison Results between the Conventional and the Proposed Method
In this section, the proposed method is validated through the comparison of the results obtained by the conventional method.
In the case of the conventional method, the analytical conditions for the design variable and the constraint function are same as the proposed method. Regarding the objective function, the analytical frequencies are the discrete frequency from 5 Hz to 900 Hz at 5 Hz Vol. 7, No. 4, 2013 Journal of System Design and Dynamics steps. The number of the excitation point and response point is one, the triangle and the square in Figure 8 (a) and Figure 8 (b) designate the excitation and response location, respectively. From Table 4 and Figure 7 , the objective function is minimization of compliance at 135 Hz, which is near to the peak of third mode. The optimization algorithms are also same as the proposed method. Figure 7 shows comparison results between the initial and optimum for the compliance in accordance with the excitation and response location above mentioned. The optimization result is 18th iteration, which reaches the minimum value from 20th iterations. Figure 8 shows the contour map of the structure in the optimization results in accordance with the Figure 6 . From Figure 7 , the value of the compliance decreased by about 0.02% and become 2.17×10 -9 as compared with the initial value of 9.66×10 -6 . The target frequency with the peak of third mode changes to an anti-resonance point. The total mass of plates decreased by about 8% and become 1.31 kg as compared with the initial value of 1.42 kg. The 
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thickness distribution by proposed method in Figure 6 tends to become totally thinner, on the other hand, the value of the compliance become smaller because the thickness of the excitation and response point become thickener. The thickness of the unrelated element to the objective function considered to become thinner according to the constraint functions (The value of the total mass is less than the initial value). Just for reference, Figure 9 shows the compliance results on the basis of the optimization results in Figure 6 according to the excitation and response location in Figure 8 . The value of compliance at the 125 Hz one-third octave band in Figure 9 has a gentle curve compared to the compliance results by FRF based method in Figure 7 , and it can be seen that the reduction of compliance by about 40% are the same as those for the result of the subsystem energy E 2 1 in Table 3 .
From these results, the optimization results between the conventional and proposed method are big difference. For example, the coupling loss factor is the function denotes the energy flow between the subsystems. On the other hand, the frequency response function
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denotes the ratio between the excitation and response points. In addition, in regard to the FEM element, the conventional method is local optimization, and small part of the FEM elements are influenced. On the other hand, the proposed method is spatial averaged over subsystem, and most of the FEM elements are influenced. That is the global optimization, therefore, it is easy to apply for the modification of the thickness. The proposed method doesn't need to consider the influence of the shift of natural frequency in frequency regions with high modal density. The settings of the objective function is simple compared with the conventional method. The effectiveness of the proposed method has been verified for the structure with the desired values of the loss factors under arbitrary constraints obtained by applying a combination of FEM-SEA and the optimization procedure.
Our future research plans include investigating the objective function to multiple frequency bands and to the frequency regions with high modal density, and considering the constraint functions such as the maximum stress and maximum displacement.
Conclusions
In this study, a structural optimization method of subsystems specified using the structural design process to realize desired SEA parameters was proposed. This method is based on a combination of SEA and FEM calculation, calculating repeatedly until satisfying the value of objective functions under arbitrary constraints. As a result of applying the proposed method to a simple structure consisting of two flat plates connected in an L-shaped configuration, a subsystem structure with the desired value of CLF for the target frequency band was constructed. The validity of the optimal thickness distribution by proposed method were verified by comparison of subsystem energy and natural frequency before and after optimization. The characteristics of proposed method were presented by comparing the conventional method based on FRF.
In the future plan, in order to examine the further validity of this method, setting up the design variable to realistic parameter such as the thickness of subsystem instead of the FEM element, the application of the objective function to multiple frequency bands.
